Experimental evidence of the existence of an intermediate region between a capacitively coupled plasma and the collisional space-charge region at its borders is presented. This proof is generated by monitoring-in an airplane carrying out parabolic flights-the trajectory of plasma-confined microparticles. Based on only primary data and without the need for a sophisticated model, our analysis concludes a sharply marked transition from the sheath region into another region with a significantly lower-yet nonzero-space-charge density, i.e., a region which is often called the presheath.
I. INTRODUCTION
It was not until 1923 that Irving Langmuir described for the first time the plasma sheath, which is a region-self-induced by the plasma-in the vicinity of a surface when the plasma is in contact with that surface [1] . In the sheath region, massive electric fields are created since free electrons close to the surface are depleted, leaving the positive ions and hence a significant space charge. Being widely utilized in almost every plasma application because of its ability to accelerate positive ions towards surfaces, the concept of the plasma sheath is of major importance. However, today the transition between the quasineutral plasma bulk and the plasma sheath is still far from understood.
The plasma to sheath problem has been modeled extensively over the past 85 years using several approaches [2] [3] [4] [5] . The major problem was to mathematically match the potentials at the border between the bulk plasma (no electric fields since electron and ion densities are equal) and the sheath (large electric fields due to depletion of electrons).
In 1949 Bohm [6] proposed for collisionless and weakly collisional plasmas the introduction of an intermediate layerthe presheath. In this layer, ions from the plasma bulk are expected to be accelerated up to a certain finite velocitythe Bohm velocity-before entering the sheath. For weakly collisional plasmas, the typical length of this region is close to the ion-neutral mean free path length [7] . The impact of better understanding the presheath structure not only limits to the wide range of applications mentioned above, but will be significant from a fundamental point of view to the full field of plasma physics. This because ions from the full plasma volume are-besides bulk recombination which is very limited at low pressures-lost via the sheath and plasma-surface chemistry occurs per definition at the plasma boundaries only. Furthermore, knowledge about the presheath can be of major interest to interpret the ongoing complex plasma experiments in the International Space Station, enabling studying, for instance, physical phase transitions on a macroscopic scale [8, 9] .
In the past, several groups have reported measurements of electric field profiles in the plasma sheath by means of Stark splitting [10] and Stark shift [11] and by means of Langmuir probe measurements [12] . However, spatially these measurements are limited to only those regions in which the electric field shows high values, i.e., close to the electrode. At positions closer to the quasineutral plasma bulk-where the electric fields are significantly lower and where the presheath is expected to exist-the above-mentioned methods appeared not suitable. Already for more than a decade, plasmaconfined microparticles have demonstrated their ability to act as electrostatic probes in plasmas under varying gravity conditions [13] [14] [15] [16] [17] . A major drawback of such a method is the fact that the particle levitation height differs with particle radius and therefore larger particles might be levitated at positions in the sheath significantly below the sheath edge [18] . Using dust particles as electrostatic probes requires either measurements with different particle radii or measurements where the levitation height is altered using external forces, such as the gravitational force [19, 20] .
From the introduction of the presheath in 1949, it was not before 2002 that the first researchers claimed the experimental proof of its existence in the collisionless case [21] . In 2004, Takizawa et al. also explored this region by means of laser-induced fluorescence-dip spectroscopy [22] . Those experiments were conducted at very low gas pressures and hence very low collisionalities. At pressures as used in this study-16-31 Pa (up to 500 times higher)-the sheath must be considered collisional and has a typical thickness of about 7 mm only [19] . It is because of this small length scale that under these conditions the existence of a possible intermediate layer between the sheath and the plasma bulk has never been explored experimentally. Therefore, there is a lot of discussion and uncertainty in literature regarding the possible existence, the shape, and the absolute values of the electric fields in the presheath and thus also regarding the validity of the idea that ions must be accelerated up to the Bohm velocity in the collisional case [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Here, we report experimental evidence of the existence of a sharply marked region between the quasineutral plasma bulk and the collisional space-charge region at its border, often named the presheath. This proof is generated by temporally monitoring the position of plasma-confined microparticles during a transition from hyper-to microgravity conditions during parabolic flights.
II. EXPERIMENTAL CONFIGURATION
The basis of the used experimental setup is identical to that used in Refs. [19, 20] and consists of a cubic (20 × 20 × 20 cm 3 ) vacuum chamber in which a low-pressure radiofrequency (rf) argon plasma is operated between two parallel and horizontally aligned squared (7 × 7 cm 2 ) electrodes separated 4 cm. The applied rf frequency is 13.56 MHz and the plasma power is ∼5 W. Within the bulk of this plasma, the plasma density [(7.0 ± 1.4) × 10 14 m −3 ] and electron temperature (1.5 ± 0.5 eV) were measured earlier with a Langmuir probe (Ref. [19] ). From this, one can estimate an electron Debye length of approximately 0.34 mm.
From the top, a dust injector provides the vacuum chamber with microparticles (Melamine-Formaldehyde particles with a radius of 4.9 μm). Once injected, the inserted microparticles fall through a hole in the upper-grounded-electrode after which they are charged negatively within the plasma and confined due to equilibrating forces above the bottom-rfpowered-electrode (see Fig. 1 ).
In this bottom electrode, a 1-mm-deep circular indent confines the microparticles horizontally. The size of this indent was chosen such that in the center, and a few millimeters around, the equipotential surface was horizontally flat [19] . The confined microparticles are illuminated by an expanded 532 nm, 300 mW laser beam, while its position is recorded at 50 frames per second by a modified CCD camera placed behind a 532 nm interference filter. The vacuum system, power supplies, optics, pumping unit, and gas supplies (argon) are mounted in a frame in the Novespace Airbus A300 airplane carrying out parabolic flights. In such parabolic flights the airplane (1) flies steadily at fixed height, (2) pulls up for about 20 s during which the apparent gravitational level is approximately 1.8 g 0 (here g 0 is the normal gravitational acceleration on earth [9.81 m/s 2 ]), (3) lowers its engine power such that it just overcomes its air friction (microgravity period for about 25 s), and, finally, (4) pulls up (again hypergravity conditions of roughly 1.8 g 0 for about 20 s). In parallel with the recorded CCD images, the gravitational acceleration is measured by an accelerometer at 50 Hz. An electronic system synchronizes the recorded movies with the data of the gravitational acceleration g * (t) in time t.
In these experiments-probing the upper regions of the plasma sheath and the transition into the plasma bulkthe hyper-to-microgravity transition is of special interest. Therefore, in this manuscript the focus is on this phase only.
During the parabolic flights, the followed procedure was as follows. Just before one parabola the vacuum vessel was pumped down and filled up to the desired pressure with pure argon gas. Then, a few microparticles were injected and confined in the plasma after which the vessel was sealed (no gas flows). At one time, only a few (between one and twenty) microparticles were levitated, all within one layer in the horizontal plane. By carefully observing the situation of one single particle and comparing this to the situation with several microparticles within one layer, it was earlier shown that using a few particles does not impact the sheath nor the particle equilibrium position [19] . Just before and through all phases of the parabola data are taken from the CCD camera and the accelerometer. Figure 2 plots for three pressures both the apparent gravitational acceleration g * and the particle height z as a function of time till just after the hyper-to-microgravity transition. Behavior as expected can be observed from this figure, i.e., at higher values of g * the particle is pushed closer towards the bottom electrode and vice versa. The reason that the particle can be confined is the fact that the forces working on it are in equilibrium. Since gas flows are absent and the used laser power per surface area is relatively low we can safely neglect neutral drag and irradiation forces on the particle [19] . Forces that do work on the particle are (1) the time-averaged electrostatic force F E t due to the time-averaged local electric field E t in the sheath working on the time-averaged negative particle charge Q t (directed away from the bottom electrode), (2) the total time-averaged ion drag force F i t (both orbital ion drag force and collection ion drag force contributions included) due to positive ions-accelerated in the sheath electric field-transferring their momentum to the particle (directed towards the bottom electrode), and, of course, (3) the apparent gravitational force (directed towards the bottom electrode). Note that-although particle charge and local electric fields vary during the course of a single rf cycle-the inertia of the particle is sufficiently high to only take into account time-averaged values (denoted with t ) of the several parameters and forces. The same accounts for local values of the electron density n e t , the ion density n i t , and the space-charge density ρ t , where only time-averaged values are taken into account when discussing particle charging mechanisms and the creation of local electric fields. Changes of the time-averaged forces working on the particle are slow enough to neglect particle inertia and, hence, force equilibrium at all particle positions can be safely assumed. Also, the velocity of the particle with respect to the plasma is low enough (2 mm/s) to safely neglect significant influences of friction forces. Further we point to the fact that all forces working on the particle are parallel, i.e., perpendicular to the electrode. Although the circular indent in the bottom electrode prevents particles from being lost in the horizontal direction, it is verified that the equipotential surface is horizontal above the indent's center and a few millimeters around [19] .
III. RESULTS AND INTERPRETATION
As can be observed from the plots in Fig. 2 , at high pressure (31 Pa) the particles remain confined during the microgravity phase while at the two other pressures (16 Pa and 20 Pa) the particles are lost from the discharge within or after the transition from hyper-to microgravity conditions. In the framework of the current paper, it is especially this transition we are interested in. For interpretation of the primary data presented in Fig. 2 we plot-for the pressures at which the particle is lost from the discharge-the particle height z above the electrode as a function of apparent gravitational acceleration g * in Fig. 3 and focus only on the hyper-to microgravity transition. In both plots in Fig. 3 , three regions can be distinguished, denoted as region I, region II, and region III.
Already from these sets of primary data alone, the existence of an intermediate region can be concluded. In region I and region II one can observe a monotonic increasing particle height at decreasing gravitational levels.
In these regions, i.e., close to surfaces, walls, and electrodes, it must be noted that the electric field is a function of distance to the surface due to depletion of free electrons. This depletion at the same time alters the charge the particle will acquire, making the time-averaged charge position dependent in these regions. 
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Since the ion drag force depends on both the local electric field (via the directed ion velocity) and the particle charge, the ion drag force depends on position in the sheath as well. Stable particle confinement in regions I and II means that at all these particle positions the net result of all forces working on the particle is zero. Although from these data sets it is not possible to obtain information about absolute values of F E t and F i t , the monotonic behavior of lower particle equilibrium positions at higher values of g * (∝F g ) indicates the presence of force gradients. This means that an electric field E must be present and significant in both regions. The situation in region III, however, is different. In this region, very small vibrations in the apparent gravitational level lead to randomized motion of the particle in the z direction (see Fig. 3 ). This indicates that in this region small variations in g * (and thus small variations in the apparent gravitational acceleration) fully dominate all other (ion drag and electrostatic) forces mentioned earlier and that it can be concluded that the local electric field has a very low value, i.e., this region represents the quasineutral plasma bulk. The fact that-despite of its randomized motion-the particle remains in the vicinity of the region II-III transition for a while indicates that, although not dominant, even within the quasineutral plasma bulk the electric field is nonzero.
The conclusion that-next to the quasineutral plasma bulk (region III, with E close to zero) and the plasma sheath (region I, with E 0) above the rf electrode-a third region (region II) with E > 0 separating them must exist is clearly demonstrated by the kink in the g * −z profiles at the transitions from region I to region II.
A possible explanation for the sudden increase in slope |dz/dg * | region II > |dz/dg * | region I can be found by reviewing a basic sheath model and the general orbital motion limited (OML) theory [26] . In region III the space-charge density is close to zero since on average n e (z) t ≈ n i (z) t . In region I, electrons are depleted, n e (z) t n i (z) t , and hence the space charge induces according to Poisson's equation,
a significant electric field gradient. Region II, however, can be seen as the transition region where n e (z) t is indeed smaller than n i (z) t but where the electrons are not as significantly depleted as is the case in region I. With increasing height above the electrode, this initiates two effects when region II is compared to region I. (1) The space charge becomes significantly smaller, meaning a smaller electric-field gradient.
(2) OML theory would predict the time-averaged particle charge-being determined by balancing electron and ion currents towards the particle's surface-to increase significantly due to enhanced electron density in region II. Earlier measurements in similar plasma configuration have shown particle charges of 8 × 10 3 e − in the sheath (region I) [19] , while estimates with OML theory predict values of about 2 × 10 4 e − in the bulk (region III). To summarize, in both region I and region II the present time-averaged electric field is larger than zero, while a clear kink in the g * −z profile sharply marks the transition between both regions. This clearly indicates the entrance from the sheath region into a region with nonzero electric fields, i.e., a region often called the presheath. Also, the thickness of region II-plotted for both pressures in Fig. 4 -appears to be in the order of the ion mean-free path λ ion = (n n σ i−n ) −1 through the background gas (plotted as a function of pressure in Fig. 4 as well). Estimating λ ion at for instance 16 Pa and 20 Pa with a gas density of n n = 3.8 × 10 21 m −3 and n n = 4.8 × 10 21 m −3 , respectively, and with an ion-neutral collision cross section σ i−n = 8 × 10 −19 m 2 [27] , we find λ ion = 0.33 mm and λ ion = 0.26 mm, respectively. Although not exactly the same, these length scales are at least in the same order as the thicknesses of region II as determined from our experiments (0.7 ± 0.2 mm and 0.29 ± 0.08 mm at 16 Pa and 20 Pa, respectively) and have the trend as a function of pressures as one should expect (see Fig. 4 ). The suggestion that the thickness of the presheath in the collisional case would be in the order of the ion mean-free path has been theoretically predicted in literature before [7] . Although more data points would have been very welcome to deepen out the phenomena's dependence on pressure, we must point to the experimental difficulties in obtaining more data points. At higher pressures, the particle remains confined during microgravity conditions which gives-for not too high pressures-possibilities to detect the beginning of region II only. The transition into the plasma bulk cannot be detected and hence the thickness of region II cannot be determined. For pressures lower than 16 Pa, the particles are lost from the discharge at velocities which are too high to perform measurements accurately with the current experimental configuration.
IV. CONCLUSIONS
In conclusion, we present experimental evidence of the existence of a sharply marked region between the bulk of a collisional radiofrequency driven plasma and the collisional sheath at its border. This conclusion is based on interpreting only primary data of the particle confinement position under varying apparent gravitational levels. Without the need of a sophisticated model, our analysis concludes a sharply marked transition region from the sheath region into another region with a significantly lower-yet nonzero-space-charge density, i.e., a region which is often called the presheath.
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